The electrokinetic potential of barium sulphate, recrystallized from hot concentrated sulphuric acid and subsequently ignited, was investigated against its saturated solution in water by the streaming potential method. The potential is positive and reproducible.
I n t r o d u c t io n
In order to investigate relations between the electrokinetic potential and the physical and chemical nature of a solid, it is desirable to choose a system in which the potential-determining ions originate from the solid, and in which these ions are supplied in a number sufficient to build up a diffuse double layer, so th at accidental impurities do not play a predominant part. Barium sulphate fulfils these require ments.
Precipitated samples, which are usually microcrystalline, although used by many investigators, are not suitable for investigation by the streaming potential and electro-osmosis methods, since the electrokinetic equations become invalid when the average distance between the particles, i e. the effective ' pore size ' of the plug, comes into the order of magnitude of the thickness of the electric double layer. We therefore aimed a t preparing barium sulphate of macroscopic particle size.
The electrokinetic potential of barium sulphate
E l e c t r o k in e t ic e q u a t io n s f o r p o r o u s p l u g s
The Helmholtz-Smoluchowski equation used in the calculation of ^-potentials from streaming potentials has been amended by several authors. There is general agreement (Briggs, 1928; Rutgers, 1940) th at in the equation
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where rj is the viscosity, D the dielectric constant, E the streaming potential and P the pressure under which the liquid is forced through the plug, we must insert the specific conductivity of the liquid whilst it is contained in the capillary or porous plug (k '), and not the bulk conductivity (k ). k ' thus includes bulk conductivity and surface conductivity. I t is determined experimentally from the measured resistance ( R )across the plug and the cell constant (G ). All the quantities in this equation are amenable to experimental determination. Neale (1946) has recently derived, and recommended in preference to equation (2), an equation of the form' ^ j DI ? P a ( l -F ) t*
where E/R is the streaming current, a the cross-section of the plug, (1-the fraction of plug volume not occupied by the solid and l the distance between the electrodes. The term r takes into consideration the fact th at flow as well as ionic migration in the plug must follow a tortuous path. I t may be calculated by making certain model assumptions concerning the shape and orientation of the particles in the plug, whilst a, l and F may be determined experimentally. We have shown recently (Buchanan & Heymann 1948 ) that, for a non-swelling solid, Neale's equation (3) and the modified Helmholtz-Smoluchowski equation (2) are identical. This is seen on considering that
where a( 1 -F)is the effective cross-section, and l/r the average length of the effecti path, available for ionic migration. We can therefore see no advantage in calculating Vol. 195. A.
£ from equation (3) in preference to equation (2), particularly as any model assump tion required in the calculation of the shape and orientation factor r inevitably involves approximations. We therefore used equation (2).
The value of r, calculated from C by equation (4), may serve as a check on the invariability-or otherwise-of the mode of packing of the crystals in the plug. There was rarely a variation of more than ± 1 % for the same sample of BaS04; r lay between 0*54 and 0-61 for all samples of recrystallized BaS04 and between 0*54 and 0-57 for well-formed crystals of natural barite. Manegold and co-workers (1931) calculated theoretically a value of r = 0*67 for a plug with rectangular crevices oriented at random.
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E x p e r i m e n t a l t e c h n iq u e
The streaming potential was measured in an apparatus shown in figure 1. A plug of BaS04 crystals was contained between two stout platinum electrodes (a, a') of 1-2 cm. diameter, into which;a large number of small holes of about 0-5 mm. diameter were drilled. The electrodes were coated with AgCl by silver plating and anodic polarization in a HC1 solution according to Dole (1941) . These AgCl electrodes proved to be unpolarizable with respect to all electrolytes investigated. Small amounts of AgCl that may dissolve from the electrodes do not affect the ^-potential of BaS04, as shown by parallel measurements with blank platinum electrodes.* The position of the upper electrode was adjustable, but in most experiments the distance between the two electrodes was 3*0 to 3*5 cm. The length of the BaS04 plug had no effect on the value of £. To prevent crystals escaping through the holes of the elec trodes, there was a layer (about 2 mm.) of coarse crystals (about 200 to 500/t) next to the electrodes which kept the main part of the plug consisting of finer crystals (100 to 170/j) in position. Compressed air was used to drive the liquid through the plug. The rate of streaming was of the order of 1 to 2 ml./min./cm. Hg.
Well-steamed soda glass was used for the apparatus, pyrex being unsuitable because of the need for sealing in the platinum leads to the electrodes. Absence of joints or seals of any organic material (rubber, pitch, resin) and of greased taps is absolutely essential, otherwise small quantities of surface-active material may be adsorbed by the B aS04 crystals and completely vitiate the results. Double distilled water (with acidified KM n04 added during the second distillation) kept absolutely free from surface-active impurities was used. Neglect of any of these precautions leads to variable results.
The streaming potential was measured with a Cambridge valve potentiometer. I t varied linearly with the driving pressure, as expected from the electrokinetic equa tions. The resistance of the plug was never higher than 10 megohms and in only a few cases exceeded 3 megohms, and the upper electrode was well insulated. The re sistance between the two electrodes across the path outside the cell was several hundred times greater than the internal resistance, and current leakage was therefore negligible.
For low-resistance plugs (< 0-5 megohm), the resistance was measured with a Wheatstone net using Tinsley precision resistances, a Sullivan ratio arm and a* 1000-cycle oscillator. For plugs with resistances greater than O'5 megohm, a 'Philoscope' measuring bridge (Philips Type T.A. 160), containing a 'magic eye' detector, proved to be of greater sensitivity. This instrument was checked frequently against standard megohm resistances. The cell constant of the plug was measured by displacing the solution with n/50-NH4C1 solution.
Usually the surface conductivity of our samples of BaS04 did not exceed about 2 to 3 % of the bulk conductivity.
We estimate the overall accuracy of the electrical measurements as of the order of T5 % up to electrolyte concentrations of 10-4n , but less at higher concentrations.* We prepared BaS04 of large crystal size by recrystallization from hot concentrated H 2S 04. BaS04 precipitated at very high dilution from A.R. BaCl2 and A.R. H 2S 04 was dissolved in pure concentrated H 2S 04 (solubility about 15 % by weight) and evaporated in a silica dish to a small volume until crystals of BaS04 formed. The size * The streaming potential can be determined with an accuracy of 1 mV. In systems con taining BaS04 and its saturated solution only, it is of the order of several hundred mV for 10 cm. pressure of Hg, and the accuracy is thus about 0-5 % or better. The driving pressure can be measured with an accuracy of 0-5 %. At higher concentrations of electrolytes, an accuracy of only 3 to 5 % is obtainable because the streaming potential is very much smaller. The accuracy of the resistance determinations is about 0-5 % up to 0-5 megohm, but only 1 to 1*5 % at higher resistances. Thus in the low conductivity range the accuracy of the streaming potential measurement is high, whilst that of resistance is rather low; in the high conductivity range the position is reversed.
of the crystals was of the order of 0*5 to 2 mm. diameter. The crystals were thoroughly washed and ignited in a platinum crucible a t 700° C in an electric furnace in order to destroy any acid sulphate that might be present. The purity was checked at various stages by spectroscopic analysis.
These crystals were ground and sieved, and two suitable fractions selected, the minor one of large crystals for retaining the plug, and the major one of smaller crystals for the main part of the plug (sizes given previously). These two lots were thoroughly washed, dried and ignited at 700° C and packed into the cell, using an ignited glass rod.
With painstaking control of the above factors, it was possible to obtain ^-values for BaS04 against its saturated solution which did not vary by more than ±0-5 mV for a given sample. No variation of £ with temperature greater than th at correspond ing to our experimental accuracy was detected between 15 and 25° C.
The spectroscopic analyses were carried out by Miss Marie Gardner of the Munitions Supply Laboratories, Maribyrnong, Victoria, and the gravimetric analyses by Mr D. J. Swaine in this Department.
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R e c r y s t a l l iz e d b a r iu m s u l p h a t e i n w a t e r a n d e l e c t r o l y t e s o l u t io n s
A number of samples of recrystallized BaS04 was investigated (samples 1, 3 and 4). Spectroscopic examination revealed traces* of metals, such as Ca, Pb, Si, Cu, Mg, Ag and Fe, most of which originated from the BaCl2 (B.D.H. A.R.) employed, in spite of repeated recrystallization. Sample 3 contained a strong trace of Pb. How ever, the results obtained with purposely contaminated samples ( § 5) suggest th at the amounts present in samples 1, 3 and 4 are unlikely to influence the ^-potential beyond the range of experimental accuracy, or to explain the small difference in £ between various samples. Table 1 shows some typical results. The liquid employed was a saturated solution of BaS04. Small amounts of C 02 dissolved in water had little influence on £. The solid phase is, in all cases, positive with respect to the liquid, f For rj and D, the values for water at the experimental temperature were used.
The temperature of ignition of the BaS04 had practically no influence on £, pro vided that it was above 400° C (to eliminate organic matter). Even igniting at 1400° C, whereby decomposition is noticeable, caused no change of the ^-potential provided th at the decomposition products were removed by treatm ent with HC1 and water.
Wood (1946) observed th a t some time elapsed before Si02 assumed an equilibrium potential in water, which he attributed to effects amounting to a hydration of the surface. No such effect was observed with BaS04.
The influence of twenty electrolytes on the ^-potential of BaS04 was investigated (figure 2). All electrolyte solutions employed were saturated with respect to BaS04. At the end of each series, the electrolyte solution under investigation was displaced by a saturated BaS04 solution, and in each case the original potential for BaS04 in contact with its saturated solution was obtained (table 2) . This potential must there fore be regarded as a property of the sample. The influence of most electrolytes* investigated on the structure of the electric double layer is thus completely reversible, provided the time of contact does not exceed 24 hr. It is thus unlikely that at room temperature the adsorbed ions are firmly built into the crystal lattice.
The electrokinetic potential of barium sulphate
I t is seen from figure 2 th at the strongest depressions of the potential are effected by the alkali sulphates, MgS04 and H 2S 04, independently of the cation. Similarly, the strongest increase is produced by barium salts, independently of the nature of the anion, provided the salt is not sparingly soluble. These pronounced effects of ions, which are of the same kind as those constituting the crystal lattice, are due to a preferential adsorption of Ba++ and S04, whilst the anions of the barium salts and the cations of the sulphates remain in the mobile part of the double layer.
The sulphates of Ca, Sr and Pb also depress £, but to a smaller extent than the other sulphates. The depressing effect of S04 is counteracted by the bivalent cations in the order Mg < Ca < Sr < Pb, which is the order of decreasing solubility of the sulphates. A fraction of these ions is apparently adsorbed together with S04, adsorption being facilitated by a low solubility of the sulphate (Horovitz & Paneth 1915) and by an ionic radius close to that of Ba++. Chlorides, except BaCl2, have little influence on the potential. Those of Ca, Sr and Pb increase £ moderately, independently of the nature of the cation, and those of K and Mg only slightly. The smallness of the effect of PbCl2, as compared with BaCl2, is surprising in view of the fact that the ionic radius (crystal radius) of Pb (1-32 A) is little different from that of Ba++ (1*37 A). However, adsorption of an ion on a BaS04 crystal may be determined not only by geometry and Coulomb forces but also by the polarizability (Fajans & Erdey-Gruz 1932) .
Barium selenate* increases £ moderately at low concentrations, probably due to preferential adsorption of Ba++, and decreases it slightly at higher ones, probably due to preferential adsorption of Se04. The selenate ion thus strongly counteracts the potential increasing effect of Ba++ as a result of the similarity in size and structure of S04 and Se04 (Wells 1945)* Strong adsorption of Se04 on a BaS04 lattice is also indicated by the fact that sodium selenatef decreases the ^-potential to nearly the same extent as Na2S04.
La(N 03)3 increases £, but to a smaller extent than Ba(N03)24 Thus the tervalent lanthanum ion is less strongly adsorbed by BaS04 than the bivalent barium ion.
There are cases in which reversible adsorption is observed only over short periods. Figure 2 shows that BaC03 increases the ^-potential moderately within an hour, and strongly after 3 hr. In the latter case, when the BaC03 solution was replaced by saturated BaS04 solution, the ^-potential was 2 mV higher than originally. This
* Prepared according to King (1936).
suggests th at a loosely adsorbed ion (probably still partly hydrated) may, after a time, become less hydrated and bound firmly on to the lattice, this process involving an activation energy (Stranski 1928).
Therefore we might expect permanent adsorption at higher temperatures, p arti cularly with an ion fitting well into the lattice, e.g. BaS04 kept with BaCl2 solution at 85° C for 8 days (and thoroughly washed afterwards) had its ^-potential increased by 5 mV. More pronounced effects were obtained on treating BaS04 with K 2S04 or (molten) BaCl2 at 1000° C.
I t is thus seen th at a drastic treatm ent is required to change the ^-potential irreversibly. This throws some doubt on explanations suggested by previous in vestigators (e.g. Ruyssen 1940), who attribute large differences (including sign) in ^-potential of BaS04 to temporary contact with electrolytes.
B a r i u m s u l p h a t e c o n t a i n i n g o t h e r i o n s
To assess the effect of impurities in the crystals, the following samples were ob tained by recrystallization from concentrated H 2S 04 containing sulphates of Sr, Ca and Pb (table 3) . In all cases, the impurity causes an increase of the potential, although the same electrolytes when present in the solution decrease it. The influence of ions which presumably form part of the crystal lattice is thus very different from that of ions which form part of the ionic atmosphere.
N a t u r a l b a r it e
The properties of the samples available are shown in table 4. The initial negative potential of sample A was due to organic material; probably the natural barite of K ruyt & Ruyssen (1934) was negative for this reason also.
After ignition, all three samples have a positive potential, but smaller than th at of recrystallized BaS04. The low values cannot be due to impurity of Sr or Ca because such impurity, incorporated into the recrystallized BaS04, increases the potential (cf. § 5). The silicon in the natural barite is not likely to reduce the potential because it is probably present as enclosures of quartz, and, moreover, sample B, containing only a trace of Si, has the lowest potential. Treatment of the natural BaS04 with dilute H 2S04 does not increase the potential; therefore carbonate cannot be re sponsible for the low values (table 4) .
However, the potential of the natural BaS04 may be increased either by recrystal lizing from concentrated H 2S 04t or wetting with concentrated H 2S04 and subse-quently igniting. The £ of sample B was thereby increased from + 5 to +28 mV (table 4) . Excess sulphate ion cannot be responsible, since this would make the potential more negative. I t seems likely therefore that the different ^-potentials of natural and recrystallized BaS04 are related to the structure of the surface and not to impurity (cf. § 7). 
F a c t o r s d e t e r m in in g t h e m a g n it u d e o p t h e ^-p o t e n t i a l o f a n IONIC SOLID IN ITS OWN SOLUTION
Whilst most authors explain the ^-potential solely in terms of composition of the surface, we suggest that, in addition, the geometry of, and the nature of the field of force in, the surface of the crystal lattice have an important influence on the ^-potential.* Crystals of natural BaS04, even after crushing, have very regular surfaces, where as recrystallized samples (and natural barite treated with concentrated H 2S 04), ignited in order to eliminate H 2S 04 and HS04, have irregular surfaces. The difference is shown by the microphotographs (magnification x 50) of samples after setting in Wood's metal and polishing ( figure 3, plate 4) . Investigations of our samples in an electron microscope (magnification x 25,000) confirm this difference.! I t appears likely th at the irregular surface has a less well-balanced field of force than the regular one.
We have succeeded in disordering the surface of natural barite. However, we did not succeed in ordering the surface of recrystallized BaS04 either by heating above 1000° C or by prolonged treatment with concentrated HC1 to dissolve surface irregu larities. The high positive potential remained unchanged. 
The electrokinetic 'potential of barium sulphate
The positive potential of B aS04 may be due to either preferential release of SO4 from the crystal lattice, or preferential adsorption of Ba++ from the saturated solution of BaS04. For reasons set out in § 8, the former alternative is preferred. Apparently, therefore, the unbalanced field of force in the surface favours the release of S04 and the retention of Ba++. The result is th at the highest ^-potential (25 to 27 mV) is possessed by recrystallized samples with an irregular surface, the lowest (5 to 6 mV) by well-built crystals of natural barite (sample B), whilst sample A, con sisting of apparently less well-built crystals than sample B, has an intermediate value (11 to 12 mV) .
The observation of Paneth (1928) that kinetic exchange of radioactive isotopes occurs much more readily on synthetic PbS and precipitated BaS04 than on native galena and natural barite respectively supports the suggestion th at an irregular surface may facilitate the passage of an ion into solution.
I t seems likely th at Pb++, Sr++ and Ca++, with ionic radii and polarizabilities different from those of Ba++, when incorporated in the BaS04 crystal ( § 5) serve mainly to unbalance the field of force in the lattice, thereby increasing the ^-potential. Ca, the ion which differs most from Ba++ with respect to ionic radius, produces the greatest increase of the potential (26 to 33 mV).
T h e n a t u r e a n d o r ig in o f t h e p o t e n t i a l a t THE SURFACE OF BARIUM SULPHATE
Although the change of £ by electrolytes ( § 4) has been interpreted as due to prefer ential ion adsorption, yet the potential of BaS04 in its own saturated solution cannot be wholly interpreted in terms of adsorption of Ba++ and S04. The large positive potential of recrystallized BaS04 would mean strong selective adsorption of Ba++ from a saturated solution of BaS04 (n/50,000 approx.). Now an N/50,000-BaCl2 solution increases the potential of the recrystallized BaS04 by 8 to 9 mV, owing to adsorption of Ba++, whilst an n/50,000-K2S 04 solution, owing to adsorption of S04, decreases £ by 4 mV (figure 2). Preferential adsorption of Ba++ over S04 could thus account for a potential of only 4 to 5 mV instead of the observed 26 to 27 mV. Simi larly, it may be shown from the curves of figure 4 th at preferential adsorption of Ba++ on natural barite (sample B) could account for only 1 to 2 mV of the observed potential of 4 to 5 mV.
Furthermore, BaSe04 in n /5 0 ,0 0 0 solution increases the potential of recrystallized BaS04 by only 3 mV (figure 2). The close similarity in behaviour of S04 and Se04 has already been established ( § 4), and we may therefore infer from this evidence also th at preferential adsorption of Ba++ from a saturated BaS04 solution is not sufficient to account for the large positive potential of BaS04.
To explain the potential of BaS04, we must, in addition, consider the relative tendencies of Ba++ and S04 to be released from the crystal lattice. These depend on (a) the hydration energies of Ba++ and S04 and (6) the forces holding each ion in the surface positions of the crystal. The hydration energy of Ba++ is about 15eV (Gurney 1936) ; that of sulphate has not been determined, but consideration of solubility relationships of sulphates (after Garrick 1941) leads us to expect a smaller value than for Ba++. If the hydration factor alone were potential determining, we would expect the surface potential of BaS04 to be negative because of the greater affinity of Ba++ (as compared with S04) for water. Since the potential is, however, positive,* the force factor (6) must be very im portant. Our experimental results suggest that S04 is less strongly bound than Ba++, and, in spite of its lower hydration .energy, is more readily released from the surface than Ba++, and that the relative ease of release of S04, giving rise to a positive potential, increases with increasing imperfection of the surface structure. Figure 4 shows A£, the reversible variation of £ with added electrolyte, plotted against the concentration for three solids having very different £-values in saturated BaS04 solution, namely, 5 to 6 mV (natural barite B), 26 to 27mV ('p u re' recrystal lized BaS04) and 32 to 33 mV (Ca-containing BaS04). In spite of these differences in £, the changes (A£), reflecting ion adsorptions, differ by only small amounts in most cases. Thus the variation of the ^-potential of BaS04 by electrolytes is almost independent of the initial £-value of the sample. This is contrary to what would be expected if the adsorption of ions on BaS04 were solely determined by electrostatic attraction and repulsion.
10-4 equivalents per litre
F a c t o r s i n f l u e n c i n g t h e m a g n i t u d e o f t h e c h a n g e OF ^-POTENTIAL BY ELECTROLYTES
More insight into the factors controlling ion adsorption by BaS04 may be gained by studying plots of £ versus log a for natural and recrystallized BaS04 in solutions containing BaCl2 or alkali sulphate. In figure 5 , £ is plotted against p Ba = -log a Ba, a Ba being the activity of Ba++ in the solution. In a solution containing Ba++ and so:, p Ba x Pso4 = 1 x 10-10 a t 23° C. Thus p Ba = 5 corresponds to a saturated BaS04 solution, p Ba < 5 corresponds to BaCl2 solutions a n d p Ba > 5 to alkali sulphate solutions.* Straight lines are obtained with breaks occurring at p Ba = 5 (saturated BaS04). The slopes of these lines are set out in table 5. initially large positive potential (26 mV) adsorbs Ba++ more readily than natural BaS04 with an initially small positive potential (5 mV), as indicated by slopes of 24 and 19 mV respectively. This occurs in spite of electrostatic repulsive effects.
It will be recalled that the recrystallized BaS04 has a high positive potential because it retains Ba++ strongly whilst releasing S04 to the solution. The stronger adsorption therefore of Ba++ from solution seems likely to be due to this property of the BaS04 crystals. Table 5 also permits comparison of the relative adsorption of Ba++ and of S04 from solution on to the two types of BaS04. Recrystallized BaS04, with a large positive potential due to strong preferential release of S04, adsorbs Ba++ (slope 24 mV) more strongly than S04 (slope 16 mV). Natural BaS04, with a small positive potential due to only small preferential release of S04, adsorbs Ba++ (slope 19 mV) only slightly more strongly than S 04 (slope 18 mV). As the potentials are related to the degree of imperfection in the surface, 'the amount of selective adsorption apparently increases with increasing surface disorder.
The slopes of the £-log a curves for BaCl2 and alkali sulphate solutions are appreci ably below th at expected for an electrode reversible with respect to Ba++ (29 mV). Other ions, however, such as La+.++ and Sr++, also show linear variation of £ with log a, but the slopes are smaller, namely 11 and 8 mV respectively (figure 5). More over, Wood (1946) has found a linear variation between £ and log a for silica in KC1 solutions, with a slope less than expected for a reversible electrode. The relationship between the electrokinetic and the thermodynamic potential of BaS04 is a t present receiving further consideration and experimental investigation.
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